transcription, we sought evidence of its involvement in embryogenesis. Among the 23 numerous catalogued lncRNA molecules found in oocytes and early embryos of cattle, 24 three candidates chosen for further characterization were found unexpectedly in the 25 cytoplasmic compartment rather than in the nucleus. Transcriptomic survey of subcellular 26 fractions found these candidates also associated with polyribosomes and one of them 27 spanning transzonal projections between cumulus cells and the oocyte. Knocking down this 28 transcript in matured oocytes increased developmental rates, leading to larger blastocysts. 29
Transcriptome and methylome analyses of these blastocysts showed concordant data for a 30 subset of four genes including at least one known to be important for blastocyst survival. 31
Functional characterization of the roles played by lncRNA in supporting early development 32 remains elusive. Our results suggest that some lncRNA plays a role in translation control of 33 target mRNA. This would be important for managing the maternal reserves within which is 34 embedded the embryonic program, especially prior to embryonic genome activation. 35
36

INTRODUCTION 37
Thanks to advances in high-throughput RNA sequencing, it has been found that a very 38 large portion of the human genome is transcribed, much more than the 1-3 % that encodes 39 antisense transcripts (NATs), which originate from the DNA strand opposite the protein-58 coding strand, (iv) pseudogenes, defined as ancestral copies of coding genes created by 59 Xist, the best characterized lncRNA, involved in X chromosome inactivation in females 73 (Brockdorff et al. 1991; Wutz and Gribnau 2007) . In humans in particular, X inactivation 74 involves a set of lncRNA that includes Xist and its antisense transcript Tsix as well as the 75 more recently identified X-active transcript or Xact (Vallot et al. 2013 ). These molecules 76 trigger a cascade of chromatin remodelling events that lead to DNA methylation and shut 77 down transcription over most of the X chromosome. Another prime example of gene 78 expression control involving lncRNA is genomic imprinting. For several imprinted genes, 79 memory of gender inheritance (which remains after fertilization and drives either silencing 80 or expression of one of the two parental alleles) also involves the expression of specific 81 lncRNA molecules. after three or four post-fertilization cell cycles, we hypothesize that lncRNA is involved 102 from the gamete to the 8-cell stage and plays a role in maintaining and managing 103 embryonic genome integrity. In this study, we describe the expression and intracellular 104 location of three lncRNA molecules found in bovine oocytes and early stages of embryo 105 development. The impact of one of these was evaluated by knockdown and its function was 106 investigated using a combined transcriptome and methylome survey. 107
108
MATERIAL AND METHODS 109
Oocyte recovery and in vitro maturation 110
Cow ovaries were obtained from a commercial slaughterhouse and transported at 30 °C to 111 the laboratory in saline solution (0.9 % NaCl) supplemented with antibiotic and antimycotic 112 agents. Upon arrival, cumulus oocytes complex (COC) was recovered from the follicular 113 fluid by puncture of follicles 3-6 mm in diameter using an 18-gauge needle attached to a 10 114 mL syringe. After three washes in HEPES-buffered Tyrode's lactate medium (TLH) 115 supplemented with 10 % foetal bovine serum (HyClone, Ottawa, ON, Canada), 0.2 mM 116 pyruvic acid, 50 mg/ml gentamycin, COCs containing several layers of cumulus cells and 117 homogeneous cytoplasm were selected and transferred to maturation medium composed of 118 modified TCM-199 medium supplemented with 10 % foetal bovine serum, 0.2 mM pyruvic 119 acid, 50 mg/ml gentamycin, 0.1 mg/ml FSH and 1 mg/ml 17ß-oestradiol and incubated at 120 38.5 °C in 5 % CO 2 in humidified air for 22 h. To collect GV and MII oocytes, cumulus 121 cells were removed mechanically from COCs recovered respectively after follicle puncture 122 and maturation. Only those that had completed extrusion of the first polar body were 123 selected. Three groups of five oocytes at each stage were washed three times and collected 124 in ~ 5 µl of PBS and stored at -80 °C until RNA extraction. 125
126
In vitro fertilization 127
After in vitro maturation, COCs were washed in TLH and transferred to 50 µl of 128 fertilization medium (Tyrode's lactate medium supplemented with 0.6 % fatty-acid-free 129 bovine serum albumin, 0.2 mM pyruvic acid, 50 mg/ml gentamycin, 2 mg/ml heparin, 1 130 The integrity of the extracted RNA was evaluated using a 2100-Bioanalyzer (Agilent 164
Technologies, Palo Alto, CA, USA) with the RNA PicoLab Chip (Agilent Technologies). 165
Total RNA was reverse-transcribed using random primers (1 mM) and a Sensiscript RT Kit 166 (Qiagen, Mississauga, ON, Canada) according to the manufacturer's instructions. 167
168
Isolation of oocyte polyribosomes 169
Polyribosomes were isolated from pools of 75 GV and MII oocytes using a well-established 170 procedure (Scantland et al. 2011) . Three biological replicates were performed for both 171 maturation states. The three lncRNA candidates were detected in polyribosomal fraction by 172
RT-PCR using primers described in Table 1 
Fluorescent-labelled RNA probes 191
The procedure for obtaining RNA probes was based on a protocol described previously 192 (Paradis et al. 2005) . Briefly, for the amplification of each selected candidate, a first round 193 of PCR was performed using specific primers (Table 2 ) on cDNA produced from bovine 194 oocytes as described above and the following conditions: denaturation at 95 °C for 10 min, 195 35 PCR cycles (denaturing: 94 °C for 1 min, annealing temperature (Table 1) 
Oocyte microinjection 228
Knockdown of selected candidates was achieved using Dicer-substrate small interfering 229 RNA (DsiRNA) custom-designed using specific tools from Integrated DNA Technologies 230 (Coralville, IA, USA). For each target, at least two duplexes against different regions of the 231 transcript were designed (Table 3) . After 21 h of in vitro maturation, groups of five oocytes 232 were incubated in TLH containing 1 mg/ml hyaluronidase to remove hyaluronic acid and 233 external layers of cumulus cell and then placed in 5 µl drops of TLH for microinjection. 234
Microinjection pipettes with an outer diameter of less than 1.5 µm were loaded by 235 capillarity with fluorescently labelled transfection control duplex TYE 563 and/or specific 236 target DsiRNA or negative control duplex dissolved in RNase-free duplex buffer 237 (Integrated DNA Technologies) and oocytes were microinjected using a Zeiss joystick 238 micromanipulator. Evaluation of TYE 563 fluorescent intensity was used to control the 239 amount of RNA injected and DsiRNA activity was evaluated using microinjections of GFP 240 (Supplemental file 1) and GFP-DsiRNA. Oocytes microinjected successfully were then 241 washed three times in TLH and fertilized in vitro. Images were acquired using a Zeiss LSM 242 740 confocal live-cell microscope. 243
244
Transcriptomic array 245
Purified total RNA was amplified in two rounds using the RiboAmp HSPlus RNA 246
Amplification Kit (Life Sciences, Foster City, CA, USA) with T7 RNA. The amplicon 247 concentration was measured using a NanoDrop ND-1000 spectrophotometer (NanoDrop, 248
Wilmington, DE, USA). Antisense RNA labelled with Cy3 or Cy5 using the Universal 249
Linkage System (ULS) kit (Kreatech Diagnostic, Amsterdam, Netherlands) was hybridized 250
for 17 h at 65 °C on Agilent-manufactured EmbryoGENE slides in aliquots of 825 ng 251 PowerScanner (Tecan, Männedorf, Switzerland) and analysed using Array-Pro Analyzer 254 software (MediaCybernetics, Bethesda, MD, USA). Microarray data were pre-processed as 255 described in previous studies (Plourde et al. 2012b ). Briefly, data intensity files were 256 analysed using FlexArray 1.6.1 (http://genomequebec.mcgill.ca/FlexArray), where raw data 257 corrected by background subtraction is pre-processed using Lowess intra-array 258 normalization and quantile inter-array normalization. Statistically significant variations 259 were detected using Limma (Bioconductor). Differences in gene expression were 260 considered significant when at least 1.5 and the cut-off adjusted p-value < 0.05. Pathway 261 analyses and downstream exploitation of gene lists were performed using Ingenuity 262
Pathway Analysis Software Version 8.6 (Ingenuity Systems Inc., Redwood City, CA, 263 USA). 264
DNA methylation array 266
Description and use of the methylation array have been described in detail previously 267 Differences in DNA methylation were considered significant when the P value was < 0.05 283 and the absolute log 2 change was at least 1.5-fold. specific criteria were chosen to select candidates that might play a role in embryo early 295 development. The initial objective was to identify transcripts that might be associated with 296 nuclear remodelling events that occur during this phase. We sought three candidates on the 297 basis of peculiar abundance profile relative to the classical progressive degradation from 298 the oocyte stage to the 8-cell stage, after which increased post-embryonic genome 299 activation generally follows. In order to distinguish lncRNA clearly from small or structural 300 RNA, we considered only spliced transcripts longer than 600 nucleotides, a sign of 301 potential cellular investment reducing the likelihood that the transcript is the result of 302 transcriptional leakage. We also limited ourselves to transcripts found in a single copy in 303 the genome to avoid repeated elements. The genomic context and the sequencing coverage 304 of the three chosen lncRNA molecules are illustrated in Fig. 1 . To identify lncRNA with 305 potential roles in embryonic genome management, we searched for dynamic expression 306 patterns during early cleavages, ideally at the 4-cell stage, when a minor genome activation 307 event is presumed to occur. 308
Profiling of candidates based on expression during pre-implantation development 309
The transcript abundance profile of the three candidates throughout early development is 310 presented in Fig. 2 .. The first candidate showed a marked decrease in abundance starting at 311 the 4-cell stage, which led to complete absence at later stages. The second candidate 312
showed interesting fluctuations featuring a drop at the 2-cell stage followed by a tendency 313 to increase in the subsequent cell cycles, a period during which transcriptional activity is 314 believed to be minimal. Its absence at the 16-cell stage immediately following genome 315 activation was noted. The third candidate showed relatively stable abundance up to the 8-316 The localization of the three transcripts were analyzed using whole-mount in situ 322 hybridization. For each lncRNA, a specific antisense RNA probe was synthesized in a 323 region common to all known isoforms, followed by fluorescence detection of the targets. 324
The three candidates were all detected in the cytoplasmic compartment of GV oocytes and 325 were absent in the nucleus, an unexpected result (Fig. 3) . Due to the drop in transcript 326 abundance, candidate 1 in situ hybridization signal was below background level in 4-cell 327 embryos (data not shown). Since lncRNA has been shown recently to be associated with 328 the translation apparatus (Mercer et al. 2009 ), polyribosomal RNA was isolated from GV 329 and MII oocytes (Scantland et al. 2011) . The transcript of all three lncRNAs was detected 330 in polyribosomes of all immature oocyte samples and in most mature oocyte pools (Fig. 4) . 331
In a recent report by our group, long RNA molecules were shown to transit in the 332 transzonal projections of cumulus cells surrounding the oocyte (Macaulay et al. 2014) . 333
Isolation and sequencing of transcripts found in the zona pellucida allowed us to identify 334 lncRNA candidate 1 in these large channels connecting the somatic compartment to the 335 oocyte. 336
Knockdown of lncRNA candidate 1 337
Candidate 1 was chosen due to its presence in transzonal projections and its distinctive 338 profile during embryo development. To investigate its potential role in embryo 339 development, dicer substrate short-interfering RNA was injected to knock it down at the 340 mature oocyte stage. Positive controls for oocyte microinjection were included and a 341 scrambled DsiRNA was used as a negative control for activity (Supplemental file 1). Non-342 injected controls were included alongside as positive controls of development. An overview 343 of the knockdown procedure is illustrated in Fig. 5A . Twenty-eight hours after fertilization, 344 knockdown of candidate 1 expression was measured in the zygote. A decrease of more than 345 90 % in the level of candidate 1 RNA was observed compared to the scrambled negative 346 control (Fig. 5B) . Seven days after fertilization, the morphology of control and knockdown 347 embryos was examined. Embryos injected with scrambled DsiRNA were able to expand 348 and develop normally (Fig. 5C, left panel) . However, knockdown resulted in accelerated 349 developmental kinetics and embryos that were considerably larger than the control embryos 350 (Fig. 5C, right panel) . 351
Possible functions of lncRNA candidate 1 in early development 353
The role of lncRNA candidate 1 was investigated in greater detail using combined analysis 354 of gene expression and DNA methylation. Transcriptomic analysis contrasting negative 355 controls compared to lncRNA1 knockdown embryos revealed that among the 37,238 356 transcripts detected by the microarray, a total of 179 genes differed significantly (absolute 357 fold-change ≥ 1.5, p ≤ 0.05) in expression levels. Pathway analysis showed that the most 358 enriched networks were associated with molecules involved in cancer and cell growth, 359 proliferation and development (Fig. 6A) . 360
361
From the DNA methylation array, 3,606 regions were identified as differentially 362 methylated to a significant degree (absolute fold-change ≥ 1.5, p ≤ 0.05). By combining the 363 two types of information, four genes were found both differentially expressed and 364 methylated ( 
CONCLUSION 476
The results presented here well illustrate the multi-faceted nature of the possible roles of 477 lncRNA, and that full characterization of these roles remains challenging, despite precise 478 analyses. We have yet to shine enough light on these molecules to determine what role they 479 might play in early development. To date, they remain the dark matter of the genome. Cote, I., Vigneault, C., Laflamme, I., Laquerre, J., Fournier, E., Gilbert, I., Scantland Zaleski, C., Rozowsky, J., Roder, M., Kokocinski, F., Abdelhamid, R.F., Alioto, T., 546
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